1. Introduction {#sec1}
===============

Approximately 55 million elective and 25 million trauma operations are performed per annum in the developed world, a total of 80 million patients that acquire various degrees of scar tissue in their dermis \[[@B1]\]. Thermal injury is the most common cause of acute scarring, with trauma, the removal of extensive skin cancer, and medical conditions such as deep fungal and bacterial infections, autoimmune diseases, and vascular complications as other causes of significant acute cutaneous wounds \[[@B2]--[@B4]\]. The effects of scarring may be physical, aesthetic, and psychological, with significant health, social, and financial consequences.

The skin is the largest organ in the mammalian body and consists of two major layers, separated by a basement membrane \[[@B5]\]. The waterproof outer epidermis layer serves as a barrier to infection while the underlying dermis, a thick layer of collagen-rich connective tissue, is where appendages unique to the skin are embedded \[[@B6]\]. Upon wounding, the inflammatory phase of normal healing proceeds with endothelial cells, keratinocytes, and fibroblasts undergoing changes in gene expression and phenotype, due to the expression of cytokines such as platelet and fibroblast-derived growth factors (PDGF and FGF) \[[@B7]\]. These changes subsequently lead to cell proliferation, differentiation, and migration \[[@B6]\]. Noncellular components, such as fibrin and collagen, and cellular components of the immune system as well as the blood coagulation cascade and inflammatory pathways are also activated, resulting in a temporary repair achieved in the form of a clot that seals the defect \[[@B8]\]. Angiogenesis, granulation tissue and extracellular matrix (ECM) formation, and reepithelisation subsequently take place during the proliferation phase, characterized by cellular proliferation and migration to the wound site \[[@B7], [@B9]\]. The final remodelling phase begins 2 to 3 weeks after injury and often takes weeks, months, or even years to complete under normal healing conditions \[[@B6], [@B7]\]. The continuous process of equilibrium between the synthesis of new stable collagen (collagen type I) and the lysis of old collagen (collagen type III) is characteristic of this phase, with the eventual formation of scar tissue \[[@B9]\].

Foetal and adult skin undergo different wound healing processes \[[@B10]\]. In contrast to wound repair in adult epithelia, there is an absence of scar formation in foetal tissues, which is characterized by rapid reepithelialization, lack of inflammation, and restoration of normal tissue architecture \[[@B11]\]. It is known that there is a significant difference in collagen deposition and its cross-linking patterns, hyaluronic acid content, extra cellular matrix (ECM) proteins, and adhesion proteins \[[@B11]\]. In comparison to foetal wound healing, adult and late-gestational skin heals less rapidly with a marked increase in inflammatory response and fibrosis resulting in the formation of a scar \[[@B12], [@B13]\]. While studies have been conducted to investigate the molecular differences between the adult and foetal wound healing processes, to date the mechanism of foetal scarless wound healing remains unclear \[[@B12]\].

Reports on foetal skin and scarless wound healing focus primarily on the skin\'s composition and the unique environment that the foetus is found in; to the best of our knowledge there are no studies reporting the differences in protein composition between foetal and adult fibroblasts. Fibroblasts play a critical role in the wound healing process through the release of signal molecules directing formation of collagen that closes the wound edges together \[[@B14]\]. Thus, clarifying differences in protein expression between adult and foetal fibroblasts will support the development of new therapeutic strategies to promote functional tissue regeneration during adult wound healing. In this study, we utilise two-dimensional gel electrophoresis (2DE) to determine differences in protein expression between human adult and foetal fibroblasts and identify proteins that may help unlock the secrets to scarless wound healing.

2. Methods and Materials {#sec2}
========================

2.1. Materials and Reagents {#sec2.1}
---------------------------

Foetal bovine serum (FBS) and Penicillin/Streptococcus antibiotic were purchased from Gibco-Invitrogen (Sydney, Australia). Dulbecco\'s Modified Eagle\'s Medium (DMEM) was purchased from Lonza (Maryland, USA). Trypsin was acquired from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of analytical grade and acquired from Univar (Sydney, Australia).

2.2. Fibroblasts Cultivation {#sec2.2}
----------------------------

Human adult dermal fibroblasts (HAF) were purchased from Lonza Australia Pty. Ltd (Sydney, Australia). Human foetal dermal fibroblasts (HFF) between 5th and 8th passages were obtained from the cell culture collection in the Faculty of Medicine at the University of New South Wales. All human foetal tissue experiments were performed with the approval of the UNSW Ethics Committee (EAC 08/284, The University of New South Wales, Australia). Both cell lines were separately cultured in fresh Dulbecco\'s modified Eagle\'s medium supplemented with 10% foetal bovine serum (DMEM-10% FBS) using 75 cm^2^ T-flasks with incubation (37°C, 5% CO~2~) until confluent. The cells were then washed twice with phosphate buffer solution (PBS) and cultured for 48 h in serum-free DMEM before harvest.

2.3. Protein Analysis: Sample Preparation {#sec2.3}
-----------------------------------------

All sample preparations were conducted under clean conditions; cell samples (12 mL) were centrifuged (15 min, 30,000 g) and cell pellets were resuspended in PBS (10 mL) then centrifuged (2 min, 300 g) before resuspending in milliQ water (5 mL) and transferring to microcentrifuge tubes. To ensure complete removal of growth medium, resuspended cell pellets were centrifuged once more, supernatants discarded, and cell pellets resuspended in MilliQ water before a final centrifugation (18,000 g, 15 min). Supernatants were discarded and cell pellets were resolubilized in buffer containing 8 M urea, 100 mM DTT (dithiothreitol), 4% (w/v) CHAPS (3-\[(3-Cholamidopropyl)-Dimethylammonio\]-1-Propane Sulfonate), 0.2% (v/v) carrier ampholytes (pH 3--10; Bio-Rad, Hercules, CA), 40 mM Tris Base (pH 7), and 0.02% (w/v) bromophenol blue. Samples were then vortexed and sonicated (30 s) before protein separation through 2DE (XCell SureLock Novex minicell, Invitrogen).

2.4. Protein Analysis: 2D Electrophoresis {#sec2.4}
-----------------------------------------

Isoelectric focusing was carried out by passive rehydrating of linear gradient Ready Strip IPG strips (18 cm, pH 3--10, BioRad) with 350 *μ*L of resolubilized protein samples of the same concentrations for 8 h. Rehydrated strips were loaded onto a horizontal electrophoresis unit (BioRad, California, USA) and focused for 100 kVh (kilovolt-hours) with cooling (15°C). Focused IPG strips were then equilibrated for 30 min with slow shaking in solution containing 6 M urea, 2% (w/v) SDS (sodium dodecyl sulphate), 0.375 M Tris-HCl (pH 8.8), 20% (v/v) glycerol, 100 mM DTT, and 2.5% (w/v) acrylamide. Equilibrated IPG strips were laid onto the second dimension (8--18% polyacrylamide gradient gels: 20 × 20 × 0.2). Proteins were separated in the second dimension by applying a current of 40 mA/gel for 2 h, followed by 50 mA/gel for a further 10 h at 15°C. For protein visualization, gels were stained with Coomassie G-250 dye (12 h) and destained in 1% (v/v) acetic acid before manual excision of visible protein spots. Gel pieces containing protein spots were transferred into 1.5 mL microcentrifuge tubes and stored at 4°C.

2.5. Spot Density Comparison {#sec2.5}
----------------------------

The relative density of corresponding spots on both HAF and HFF 2DE were compared using the Image J 3D Surface Plot plug-in program, which expresses pixel intensity as height in three-dimensional plots ([Figure 1](#fig1){ref-type="fig"}) \[[@B15], [@B16]\]. This method was adapted from the NIH ImageJ website \[[@B15]\].

2.6. Protein Analysis: Mass Spectrometry {#sec2.6}
----------------------------------------

Excised gel pieces were first destained by washing twice in 120 *μ*L NH~4~HCO~3~ (ammonium bicarbonate, 25 mM) containing 50% (v/v) acetonitrile for 30 min, before drying in a Speedvac (Thermo Electron, Milford, MA). In-gel digestion of proteins was achieved by swelling gel pieces with 15 *μ*L of sequencing grade trypsin (20 ng/*μ*L, Promega, Annandale, NSW, Australia) in NH~4~HCO~3~ (25 mM, pH 7.8, 1 h, 37°C), followed by the addition of 20 *μ*L of NH~4~HCO~3~ (10 mM) and further incubation (18 h, 37°C). Gel pieces were then sonicated for 20 min to liberate peptide fragments and briefly centrifuged (15,000 g, 30 s).

The tryptic peptide digests were separated using HPLC (Ultimate 3000, Dionex; Amsterdam, Netherlands) equipped with a linear Ion Trap (LTQ FT Ultra, Thermo Electron; Bremen, Germany) mass spectrometer. Lists of peaks from the mass spectrometry data were developed using Mascot Daemon (Matrix Science, London, UK) and Extract msn (Thermo Scientific, Australia) programs with default parameters (where individual ion scores \>30 indicated identity or extensive homology, *P* \< 0.05). Lists were then analysed using the database search program Mascot (version 2.1, Matrix Science, London, UK). Search parameters included a precursor tolerance of 6 ppm, product ion tolerances of ±0.5 Da, oxidation of methionine residues specified as a variable modification, and an enzyme specificity of trypsin; in addition, one missed trypsin cleavage was permitted. The resulting data was analysed using the Swiss-Prot database (Swiss-Prot group, Switzerland). Known and predicted protein-protein interactions were established using the STRING search tool (v9.1, string-db.org).

2.7. Statistical Analysis {#sec2.7}
-------------------------

2DE was run in triplicate from the same protein preparation and the experiment was subsequently repeated (*n* = 2 × 3). Statistical analysis of spot densities was evaluated using the two-way ANOVA and Bonferroni posttest (significance level: 0.05).

3. Results and Discussion {#sec3}
=========================

The foetus has the ability to heal wounds by regenerating dermal layers with complete restoration of architecture, restoring the skin\'s original strength and function; in contrast, adult wounds heal with fibrosis and scars \[[@B16]\]. A number of studies have attempted to elucidate the molecular mechanisms of embryonic and adult wound healing to account for this difference \[[@B6], [@B10]\]. While protein maps of adult dermal and MRC5-fibroblasts, as well as data for mouse foetal fibroblasts, are available, a standardised comparison of proteins expressed by human adult and foetal dermal fibroblasts has yet to be reported \[[@B17], [@B18]\].

2DE, in association with computer-aided image analysis and mass spectrometric procedures for large-scale protein identification and characterization, permits the monitoring of a considerable percentage of the whole protein complement (proteome) within a biological system \[[@B19], [@B20]\]. In the study here, proteins secreted by adult and foetal fibroblasts were separated by 2DE (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}, resp.). Gels were run in triplicate and the experiment was repeated; within each fibroblast lineage, gels showed no significant difference in protein spot patterns between gels and the repeat experiments, verifying the reproducibility of the system.

While 2DE of the HAF and HFF proteomes showed similar profile patterns, variations in spot intensity were observed ([Figure 1](#fig1){ref-type="fig"}). For example, adult fibroblasts (HAF) produced a greater concentration of the protein identified as spot 4A in the gels than their foetal counterpart 4F. In contrast, differences in the densities of the protein identified as spots 13A and 13F cannot be resolved visually, (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}, resp.). Application of the ImageJ 3D surface plot analysis system permitted quantitative evaluation of the relative protein spot densities between the two cell lines. [Figure 2](#fig2){ref-type="fig"} shows the 3D plots for the proteins represented as spots 4 and 13 on the 2DEs; these differences in intensity between adult and foetal protein expressions could subsequently be expressed as ratios as 1 : 0.11 ± 0.09 and 1 : 0.94 ± 0.08, respectively.

Based on a visual assessment of relative densities, 21 gel spots were excised from HAF and HFF proteome gels and their proteins subsequently identified ([Table 1](#tab1){ref-type="table"}). Of the 21 gel spots analysed, 15 showed significant differences in their comparative protein concentrations between HAF and HFF (*P* \< 0.05). Eleven of these proteins exhibited greater gel spot densities in adult fibroblasts compared to their foetal counterparts, with ratios ranging from 1 : 0.11 (3-ketoacyl-Co A thiolase) to 1 : 0.82 (Galectin-1, [Table 1](#tab1){ref-type="table"}). Alpha-enolase was identified as the protein in 3 separate gel spots, 1--3; this was probably due to different posttranslational modifications \[[@B21]\]. Furthermore, 11 spots out of the 21 excised were proteins related to wound healing, and 3 of them (spots 7, 9, and 21) linked to scar formation.

The protein in gel spot 4 was identified as 3-Ketoacyl-CoA thiolase and was expressed in significantly greater concentrations by the adult fibroblast compared to their foetal counterparts (1 : 0.11 ± 0.09). This enzyme is located in the peroxisome or the mitochondria and catalyses the final reaction of fatty acid *β*-oxidation. \[[@B22]\]. Cao et al. have reported that the enzyme is a functional binding partner for BNIP3, known to mediate apoptosis and mitochondrial damage \[[@B23]\]. Similarly, fructose bisphosphate aldolase A (spot 5), Protein S100-A6 (spot 19), and glucosidase 2 subunit beta (spot 10) with HAF : HFF ratios of 1 : 0.68 ± 0.07, 1 : 0.78 ± 0.03, and 1 : 0.77 ± 0.07, respectively, were also more significantly expressed in the adult than in the foetal fibroblasts (*P* \< 0.05; [Table 1](#tab1){ref-type="table"}). Protein S100-A6 is a calcium binding protein that regulates various intracellular and extracellular activities such as protein phosphorylation and enzyme activity, the dynamics of cytoskeleton components, and cell proliferation and differentiation \[[@B24]\]. Glucosidase 2 subunit beta is a regulatory subunit of glucosidase 2, an endoplasmic reticulum (ER) heterodimeric enzyme that cleaves the two innermost *α*-1,3-linked glucose residues from N-linked oligosaccharides on nascent glycoproteins. This facilitates the binding and release of monoglucosylated glycoproteins with calnexin and Calreticulin \[[@B25]\]. The interaction of glucosidase 2 with Calreticulin, spot 12, suggests that the protein may exert an indirect influence on wound healing.

Tubulin alpha-1A chain (spot 17) was expressed in a significantly greater concentration in the foetal fibroblasts, such that the ratio HAF : HFF was 1 : 1.92 ± 0.04 ([Table 1](#tab1){ref-type="table"}). Tubulin is a major constituent of microtubules and is important in a number of cellular processes. Microtubules are involved in maintaining cell structure and, together with microfilaments and intermediate filaments, form the cell cytoskeleton. Microtubules also provide platforms for intracellular transport and a variety of other cellular processes involving the movement of secretory vesicles and organelles, as well as the intracellular transport of metabolic products \[[@B26]\]. Similarly, heat shock cognate 71 kDa protein (HSP-71) (spot 16) and neuron cytoplasmic protein (spot 20) were also more prominent in the 2DE gels from foetal fibroblasts (HAF : HFF = 1 : 1.74 ± 0.06 and 1 : 1.51 ± 0.05, respectively; [Table 1](#tab1){ref-type="table"}). Heat shock proteins are thought to play a crucial role in organism survival as they are ubiquitously present in cells under both normal and pathological conditions and their structure is evolutionarily conserved \[[@B27]\]. *In vivo* studies have shown that overexpression of HSPs may protect certain cells from selected noxious stimuli \[[@B28]\].

By definition in the literature, eight of the gel spots showing significant differences in protein expression between the adult and foetal fibroblasts were proteins related to wound healing \[[@B29]--[@B36]\]. Actin cytoplasmic-1 (spot 18) was expressed in significantly greater concentrations by the foetal fibroblasts compared to their adult counterparts (1 : 1.86 ± 0.11). Actins are highly conserved proteins ubiquitously expressed in all eukaryotic cells and are found as free monomers, "G-actin," or as microfilaments "F-actin" \[[@B37]\]. Actins are essential for cellular functions such as motility, the maintenance of cell shape and polarity, cell division and cytokinesis, vesicle and organelle movement, cell signalling as well as the establishment and maintenance of cell junctions, and regulation of transcription \[[@B38]\]. Moreover, the interaction of F-actin with myosin forms the basis of muscle contraction and can also produce movement either by itself or with the help of molecular motors \[[@B38]\]. Therefore, actin plays an important role in embryogenesis as well as wound healing, where cell motility is crucial for sealing of wound margins \[[@B36]\]. Its relatively higher expression in foetal fibroblasts is consistent with its important role in foetal development.

Many proteins are known to regulate the polymerisation and depolymerisation of actin filaments \[[@B38]\]. Fructose bisphosphate aldolase A (spot 5) acts directly with actin filaments and therefore may function as a scaffolding protein \[[@B29]\]. Condeelis have reported that this protein binds to actin filaments in stress fibres within the cell and reversibly inhibited the contraction of fibroblast cells \[[@B40]\]. This suggests that fructose-bisphosphate aldolase A is a necessary structural component of the cytoskeleton and plays an important role in maintaining cytoskeletal structure as well as modulating cell mobility \[[@B29]\]. Its relatively lower concentration in foetal fibroblasts compared to adult cells supports this suggestion of a regulatory role (1 : 0.68 ± 0.07).

Cofilin-1 (spot 6) is another protein regulating actin and was found in a similar spot intensity ratio as fructose bisphosphate aldolase A (1 : 0.57 ± 0.07; [Table 1](#tab1){ref-type="table"}). Cofilin-1 is a pH-sensitive, actin-depolymerizing protein that can bind to both G- and F-actins, and it is a regulator of stress fibre formation and collagen contraction \[[@B39]\]. Its activation is required for cell motility, which is a necessary step for tissue repair and regeneration \[[@B40]\]. Cofilin-1 is known to be a key regulator of actin dynamics at the leading edge of motile cells; it has a tightly regulated function of creating new actin barbed ends for polymerization and also depolymerizes old actin filaments \[[@B41]\]. It has also been shown that Cofilin-1 is able to amplify local actin polymerization responses upon cell stimulation, giving it the ability to set the direction of motility in crawling cells \[[@B41]\]. Phosphorylated and dephosphorylated cofilin-1 are also found in platelets, where the amount of the latter parallels the later stages of platelet aggregation in wound healing, suggesting that newly formed dephosphorylated cofilin-1 could have an important role in the cytoskeletal remodelling that occurs during platelet aggregation, a vital step in the early stages of wound healing \[[@B42]\].

Profilin-1 (spot 21) is an actin binding protein that affects cytoskeleton structure through regulation of actin polymerisation \[[@B43]\]. Profilin-1 promotes actin assembly via its ability to accelerate nucleotide exchange (ADP to ATP) on G-actin and shuttle Profilin-actin (ATP-bound) complex to free barbed ends of actin filaments \[[@B35]\]. Profilin-1 has also been implicated in the regulation of cell migration and proliferation during the wound healing process; studies have shown that deletion of the gene responsible for its expression impaired migration and proliferation in lower eukaryotic and endothelial cells, suggesting a role in angiogenesis \[[@B44]\]. Angiogenesis and fibrosis are two features of dermal wound repair reported in adult nonhuman primates but not found in scarless foetal repair \[[@B13]\]. Thus, the significantly lower concentration of profilin-1 expressed by the foetal fibroblasts compared to their adult counterparts in the study here supports this suggestion.

The relationships between actin cytoplasmic-1 (ACTB), fructose bisphosphate aldolase A (ALDO A), cofilin-1 (CFL 1), and profilin-1 (PFN 1) are clearly illustrated through the STRING diagram in [Figure 3](#fig3){ref-type="fig"}. All the proteins identified have the ability to bind to ubiquitin c, with actin cytoplasmic-1 being able to bind directly with profilin-1 and cofilin-1. Ubiquitination is known to be a fundamental protein modification which regulates most cellular processes \[[@B45]\]. This comprehensive action was recently demonstrated by Kim et al. where their proteomic analysis of the human ubiquitin-modified proteome (ubiquitinome) identified about 19,000 sites in approximately 5000 proteins \[[@B46]\]. It has also been suggested that polyubiquitination can be considered as a sign of proteosomal or lysosomal protein degradation to control protein abundance \[[@B47], [@B48]\]. Therefore, the relative upregulation of the ubiquitin c binding proteins as observed in adult fibroblast here may imply some inhibition of ubiquitination, resulting in a delay in protein turnover.

The STRING diagram also shows a direct relationship between ubiquitin C and Peroxiredoxin-1 (PRDX-1; [Figure 3](#fig3){ref-type="fig"}). Similar to the other regulatory proteins, Peroxiredoxin-1 (spot 7) was found in relatively greater concentrations in adult fibroblasts with a spot intensity over double that derived from the foetal fibroblasts; HAF : HFF = 1 : 0.45 + 0.08. Peroxiredoxin-1 is an antioxidant enzyme catalysing the reduction of H~2~O~2~ and a wide range of organic peroxides \[[@B49]\]. Antioxidants govern intracellular redox statuses and in mammalian cells this has been linked to cellular differentiation, immune response, growth control, tumour promotion, and apoptosis \[[@B50], [@B51]\]. Peroxiredoxin-1 interacts with reducing agents that combat oxidative stress and free radicals; there is strong evidence of oxidative stress in impaired wound healing. However, low levels of reactive oxygen species (ROS) are still needed for effective defence against invading pathogens and mediation of intracellular signalling \[[@B14]\]. Furthermore, a number of studies report an increase in expression levels of Peroxiredoxin-1 in human primary cancers \[[@B52]\]. Thus, while Peroxiredoxin-1 has potent antioxidant abilities, its concentrations do not appear to vary during wound healing \[[@B31]\]. However, it is interesting to note that, in the study here, fructose bisphosphate aldolase 6, cofilin-1, Peroxiredoxin-1, and profilin-1 were all found in foetal fibroblasts at concentrations approximately half that found in adult cells, while in contrast, actin cytoplasmic-1 was found to be nearly double ([Figure 4](#fig4){ref-type="fig"}). Although not directly linked to ubiquitin C through STRING analysis, the expression of Lactotransferrin (spot 9) was also found to differ significantly between foetal and adult fibroblasts (HAF : HFF = 1 : 0.70 ± 0.08) and is reported to be expressed by a variety of glandular epithelial cells and skin epidermal keratinocytes \[[@B53]\].

Lactotransferrin can directly inhibit microbial adhesion and proliferation and is an important part of the mammalian immune system \[[@B54]\]. In the inflammatory phase of the wound healing process, Lactotransferrin also increases the production of proinflammatory cytokines, stimulates maturation of dendritic cells, and aids recruitment of various leukocytes \[[@B55]\]. However, Lactotransferrin also has the ability to neutralize an overactive immune response by preventing further release of cytokines that induce recruitment and activation of immune cells at the inflammatory sites \[[@B32]\]. In addition to its involvement in regulating the body\'s immune response to wounds, Takayama and Mizumachi suggest that Lactotransferrin also promotes fibroblast-mediated collagen contraction \[[@B56]\]. Contraction of collagen in wound healing is necessary to minimise the wound margins, permitting reepithelialization \[[@B57]\]. However, this contraction largely contributes to the formation of the bulk tissue that is observed as a scar after completion of the normal wound healing process. In contrast, Ferguson and Howarth have reported a minimal inflammatory response in scarless foetal wounds which correlated with a marked reduction in macrophage and monocyte infiltrates \[[@B58]\]. Thus, in the study here, the lower concentration of Lactotransferrin expressed by foetal fibroblasts relative to adult cells appears consistent with the promotion of scarless wound healing.

Gel spots 12 and 15 were identified as the wound healing proteins, Calreticulin and Galectin-1, respectively, and showed slight but significantly greater expression in the adult fibroblasts compared to foetal cells ([Table 1](#tab1){ref-type="table"}). Galectin-1 is a potent regulator of cell adhesion, growth, and migration via protein/glycan and protein/protein interactions \[[@B59]\]. Galectin-1 has been detected in comparatively high concentrations in the stroma of squamous cell carcinomas and in healing wounds, with its activity increasing during scar formation \[[@B34]\]. Furthermore, Dvořánková et al. report the use of recombinant human Galectin-1 to significantly increase wound contraction in rats \[[@B59]\]. Calreticulin is a facilitator of phagocytosis in apoptotic cells; it facilitates the migration of phagocytes to the wound area upon its release from activated neutrophils. It is also released from cytotoxic lymphocytes upon association with target cells and subsequently enhances their ability to debride the wound \[[@B60]\]. Furthermore, Calreticulin also promotes accelerated wound closure and an increase in granulation tissue \[[@B33]\]. Both *in vitro* and *in vivo* studies have shown that Calreticulin has a positive effect on cell migration into wounds and production of extracellular matrix for tissue remodelling and supports even dispersion of collagen \[[@B33]\].

Gel spots 11, 13, and 14 were also found to contain proteins, whose functions are purported to be involved in wound healing. However, there appeared to be no significant differences in their expression between the foetal and adult fibroblasts ([Table 1](#tab1){ref-type="table"}). Calumenin (spot 13) can modulate fibroblast activity by changing the intracellular levels of actin fragments as well as expression levels of the actin organizing protein septin 2 \[[@B61]\]. Therefore, calumenin is suggested to influence cytoskeleton rearrangement and cell proliferation during wound healing \[[@B61]\]. Gel spots 11 and 14 were identified as variants of protein disulphide isomerase (PDI), endoplasmic reticulum enzymes that catalyse intramolecular disulphide bonding reactions, such as the trimer formation of procollagen from polypeptides \[[@B62]\]. Protein disulphide isomerases have been reported to occur on the surface of blood platelets which suggests that proteins involved in haemostasis and wound healing are possible substrates for these enzymes \[[@B63]\]. Huang et al. report that protein disulphide isomerases purified from platelets catalysed the intramolecular disulphide exchange in thrombospondin-1 \[[@B64]\]. Thrombospondin-1 is an adhesive protein released from activated platelets where it forms disulphide linked complexes with thrombin and thrombin-serpin complexes \[[@B63]\]. These complexes constitute part of the fibrin clot that shield the wound as well as providing a provisional matrix for cells to migrate to the wounded area during the repair process, making protein disulphide isomerase an important player in the initial stages of wound healing \[[@B65]\]. Similarly, studies have also shown that fibronectin, a major component of extracellular matrix and part of the coagulation cascade during wound healing, has an intrinsic PDI activity \[[@B66]\].

4. Conclusions {#sec4}
==============

In the last few decades, our comprehension of the basic biological processes involved in wound repair and tissue regeneration has expanded due to advances in cellular and molecular biology \[[@B62]\]. In contrast to wound repair in adult epithelia, there is an absence of scar formation in foetal tissues and better functional recovery, and while there are a number of studies reporting the molecular differences between the adult and foetal wound healing processes, to date the mechanism of foetal scarless wound healing remains unclear.

In the study here, standardised 2DE electrophoresis was used to compare the proteomes of human adult and foetal fibroblasts. While similar protein distributions were obtained, variations in the intensities of some protein spots between the adult and foetal maps were observed; the proteins in 21 of these were subsequently identified. Of the 21 spots selected, approximately half were found to play various roles in wound healing. While calumenin and protein disulphide-isomerase/A6 showed no significant differences in expression between the adult and foetal fibroblasts, 7 others showed significantly lower expression levels in the foetal cells, with ratios ranging from 1 : 0.45 ± 0.08 for Peroxiredoxin-1 to 1 : 0.82 ± 0.08 for Galectin-1. In contrast, actin cytoplasmic-1 was expressed by foetal cells in a comparatively greater concentration, 1 : 1.86 ± 0.11. Similarly, heat shock cognate protein, Tubulin alpha-1A chain, and neuron cytoplasmic protein, not categorised as wound healing proteins, were all expressed by foetal fibroblasts at significantly higher levels than their adult counterparts.

While it is debatable whether the culture conditions utilised here are representative of those experienced by tissues during epithelial injury and healing, it is clear that under the same conditions protein expression by foetal and adult fibroblasts differ in their expression levels. Furthermore, of those proteins showing observable differences many were related to wound healing and tissue regeneration. The comparative expression levels of these fibroblast proteins appear consistent with their known and suspected functions and the differences in wound healing behaviour between adult and foetal tissues.

While the principal aim in wound management is to achieve rapid wound closure with a functional tissue that has minimal aesthetic scarring, the ultimate goal in wound healing biology is to induce a more perfect reconstruction of the tissue in the wound area \[[@B67]\]. Thus, understanding the protein interactions that support scarless wound healing in foetal tissues, as well as the differences with their adult counterparts, will provide an important step in achieving this goal.
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Figure 1: Peptide sequence data from actin cytoplasmic 1 (ACT B) showing (A) a representation of the ACT B tryptic digest peptide sequence that were identified in highlighted red, and (B) an example of the ACT B peptide fragmentation spectra with lead ions shown as red lines. These represent the fragmentation spectra where (b) ions represent a fragmentation from the amine-terminus and (y) ions are a representation of fragmentation from the carboxyl-terminus of the protein \[68\].

Figure 2: Peptide sequence data from fructose bisphosphaste aldolase 1 (ALDO A) showing (A) a representation of the ALDO A tryptic digest peptide sequence that were identified in highlighted red, and (B) an example of the ALDO A peptide fragmentation spectra with lead ions shown as red lines. These represent the fragmentation spectra where (b) ions represent a fragmentation from the amine-terminus and (y) ions are a representation of fragmentation from the carboxyl-terminus of the protein \[68\].

Figure 3: Peptide sequence data from cofilin 1 (CFL 1) showing (A) a representation of the CFL 1 tryptic digest peptide sequence that were identified in highlighted red, and (B) an example of the CFL 1 peptide fragmentation spectra with lead ions shown as red lines. These represent the fragmentation spectra where (b) ions represent a fragmentation from the amine-terminus and (y) ions are a representation of fragmentation from the carboxyl-terminus of the protein \[68\].

Figure 4: Peptide sequence data from profilin 1 (PFN 1) showing (A) a representation of the PFN 1 tryptic digest peptide sequence that were identified in highlighted red, and (B) an example of the PFN 1 peptide fragmentation spectra with lead ions shown as red lines. These represent the fragmentation spectra where (b) ions represent a fragmentation from the amine-terminus and (y) ions are a representation of fragmentation from the carboxyl-terminus of the protein \[68\].
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Click here for additional data file.

Conflict of Interests
=====================

The authors declare that there is no conflict of interests regarding the publication of this paper.

![Representative 2DE gel maps of (a) human adult skin fibroblasts and (b) human foetal skin fibroblasts proteins using linear IPG 3--10 pH strips. Spot numbers correspond to identified proteins reported in [Table 1](#tab1){ref-type="table"}.](BMRI2014-676493.001){#fig1}

![Image of 3D surface plots (inverted height) of corresponding gel spots 4 and 13 on HAF and HFF 2DE gels permitting quantitative analysis in respective protein concentrations.](BMRI2014-676493.002){#fig2}

![Protein association network in STRING analysis showing interactions of Actin, cytoplasmic (ACTB), Fructose-bisphosphate aldolase A (ALDOA), Cofilin-1 (CFL1), and Peroxiredoxin 1 (PRDX1) linked via Ubiquitin C (UBC). Line colours indicate the mode of action of interaction between proteins. ![](BMRI2014-676493.i005.jpg) binding interaction, ![](BMRI2014-676493.i006.jpg) posttranslational modification, and ![](BMRI2014-676493.i007.jpg) reactive interaction. Grey lines indicate interactions, but with low confidence scores.](BMRI2014-676493.003){#fig3}

![Variation in protein gel spot intensity ratio for wound healing proteins related as determined using STRING ([Figure 3](#fig3){ref-type="fig"}), ACTB: Actin cytoplasmic-1; ALDOA: Fructose-bisphosphate aldolase A; CFL 1: Cofilin-1; and PRDX 1: Peroxiredoxin-1.](BMRI2014-676493.004){#fig4}

###### 

Variation in relative protein concentrations expressed by human adult (HAF) and foetal (HFF) dermal fibroblasts, as identified by mass spectrometry.

  Spot number   Protein                                  Accession number   *pI*   *pI*   Mr      Mr      SIR         ±
  ------------- ---------------------------------------- ------------------ ------ ------ ------- ------- ----------- --------
  1             Alpha-enolase                            P06733             7.01   7.10   47169   49000   1  : 0.86   0.12
  2             Alpha-enolase                            P06733             7.01   7.61   47169   49000   1 : 0.93    0.09
  3             Alpha-enolase                            P06733             7.01   8.00   47169   49000   1 : 0.84    0.11
  4             3-ketoacyl-CoA thiolase, mitochondrial   P42765             8.32   9.00   41924   47000   1 : 0.11    0.09\*
  5             Fructose-bisphosphate aldolase A^●^      P04075             8.30   7.34   39420   40000   1 : 0.68    0.07\*
  6             Cofilin-1^●^                             P23528             8.22   6.85   18502   20000   1 : 0.57    0.07\*
  7             Peroxiredoxin-1^●^                       Q06830             8.27   8.17   22110   23000   1 : 0.45    0.08\*
  8             Peptidyl-prolyl cis-trans isomerase B    P23284             9.60   9.50   22068   24000   1 : 0.83    0.10\*
  9             Lactotransferrin^●^                      P02788             8.50   8.67   78182   10000   1 : 0.71    0.05\*
  10            Glucosidase 2 subunit beta               P14314             4.33   4.34   59425   65000   1 : 0.77    0.07\*
  11            Protein disulfide-isomerase^●^           P07237             4.76   4.00   57116   57000   1 : 0.98    0.03
  12            Calreticulin^●^                          P27797             4.29   3.68   48142   53000   1 : 0.81    0.09\*
  13            Calumenin^●^                             O43852             4.47   3.70   37107   45000   1 : 0.92    0.11
  14            Protein disulfide-isomerase A6^●^        Q15084             4.95   4.00   48121   47000   1 : 0.94    0.08
  15            Galectin-1^●^                            P09382             5.33   4.34   14716   14000   1 : 0.82    0.08\*
  16            Heat shock cognate 71 kDa protein        P11142             5.37   5.17   70898   65000   1 : 1.74    0.06\*
  17            Tubulin alpha-1A chain                   Q71U36             4.94   5.17   50136   53000   1 : 1.92    0.04\*
  18            Actin cytoplasmic-1^●^                   P60709             5.29   5.17   41737   45000   1 : 1.86    0.11\*
  19            Protein S100-A6                          P06703             5.32   4.40   10180   6000    1 : 0.78    0.03\*
  20            Neuron cytoplasmic protein 9.5           P09936             5.33   5.00   24824   26000   1 : 1.51    0.05\*
  21            Profilin-1^●^                            P07737             8.44   9.10   15054   15000   1 : 0.70    0.10\*

^●^Proteins with functions related to wound healing; SIR: spot intensity ratio HAF : HFF; \*statistical significance between relative spot intensities (*n* = 2 × 3, *P* \> 0.005).

[^1]: Academic Editor: Tadamichi Shimizu
